VOLUME 49, NUMBER 13

PHYSICAL REVIEW LETTERS

27 SEPTEMBER 1982

Resonant Rayleigh Scattering from an Inhomogeneously Broadened Transition:
A New Probe of the Homogeneous Linewidth
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(Received 9 June 1982)

Strong elastic scattering of laser light, up to 200 times background, is found at the
exciton resonance of GaAs/AlGaAs multi-quantum-well structures. It is shown to be a
consequence of spatial fluctuations of the refractive index due to inhomogeneous broaden-
ing of the resonance. The frequency and temperature dependence of the homogeneous

linewidth can be obtained from the data.

PACS numbers: 78.35.+c¢, 71.35.+z, 71.55.Jv

Elastic (“Rayleigh”) scattering of light in solids
usually arises from imperfections in the bulk or
on the surface. In measurements of Raman or
Brillouin scattering this unshifted signal is gen-
erally much larger than the wanted, frequency-
shifted, signal. However, crystals can be grown
in which this defect scattering is extremely weak.
In such crystals we find a strong resonant contri-
bution to the Rayleigh scattering in the vicinity of
an inhomogeneously broadened optical resonance.
This scattering arises from spatial fluctuations
in the local resonant frequency which, because of
the strong dispersion near resonance, lead to
corresponding fluctuations in the refractive index.
In such a case Rayleigh scattering ceases to be a
trivial, if annoying, “dirt” effect, and can give
useful information on the nature of the resonance,
in particular on its homogeneous linewidth. This
scattering is distinguished from resonant fluores-
cence by the fact that its spectral and temporal
dependence is strictly that of the exciting laser.
To our knowledge such elastic scattering from an
inhomogeneously broadened transition has not
been reported before. It is quite distinct from the
resonantly enhanced Rayleigh scattering by den-
sity fluctuations seen, for example, in Hg vapor.’

We have observed this scattering in the vicinity
of the lowest, “heavy,” exciton resonance of GaAs/
AlGaAs multi-quantum-well (MQW) structures,
grown by molecular-beam epitaxy. These struc-
tures consist of about 100 alternating layers of
GaAs and Al, ,Ga, ,As. The AlGaAs layers are
200 A thick; the GaAs layer thickness L, is cho-
sen to be between 50 and 200 A. In these struc-
tures the exciton is two dimensional and its ener-
gy depends on L,. Its linewidth (full width at half
maximum) I', is predominantly inhomogeneous at
low temperatures and arises from spatial fluctua-
tions in L,.* In a previous publication® it was
shown, by hole-burning experiments, that on the
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low-energy side of the line the homogeneous line-
width I', is much less than T",.

Because etching to remove the substrate in-
troduces excessive surface scattering, all our
measurements were made on as-grown samples.
The sample was carefully cleaned and the laser
focused to a spot well away from the edges. The
light scattered from this spot was focused on a
pinhole in front of the slit of a high-resolution
spectrometer. Figure 1 shows a series of cw
“emission” spectra (fluorescence plus scattered
light) obtained by scanning the spectrometer
through the exciting dye-laser frequency w, for
23 different values of w, indicated by the arrows.
The laser power was held constant at about 10
mW/cm? and the spectral resolution here was 0.1
meV. When the laser frequency is set off reso-
nance there is a weak sample-dependent Rayleigh
line due to defect scattering. When it is set close
to resonance the Rayleigh line is dramatically en-
hanced, reaching a peak some 200 times the off-
resonance defect scattering of a good quality sam-
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FIG. 1. Scattered light spectra (cw) for an MQW
structure with L, = 51 A, obtained at the 23 different
laser frequencies w indicated by the arrows. 7'=5.7 K.
The broad background is exciton fluorescence. The
laser intensity is the same for each spectrum.
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ple. On the low-energy side of the resonant line
in each spectrum there is a shoulder due to non-
resonant exciton luminescence. Similar results
are obtained for a sample with L, =208 A .

Within our highest resolution (0.05 meV) the
scattered light has the same spectral profile as
the laser. It is at least 80% polarized and is
isotropic. We also made measurements with the
dye laser mode locked, giving 10-psec pulses.
Our detection system had sufficient time resolu-
tion to detect a decay time down to 30 psec. The
resonantly scattered signal was found to have a
time profile indistinguishable from that of the
laser pulse apart from a weak, relatively long-
lived component (~ 200 ps for L, =208 A) due to
exciton fluorescence, which represents less than
10% of the integrated signal. These results show
that the resonant signal is due not to fluorescence,
but to a true scattering process. While there is
a change of reflectivity at the GaAs:AlGaAs inter-
faces near resonance, this is only of order 0.1%,
too small to account for the observed effect.

We attribute the scattering to spatial fluctuations
of the dielectric response. The inhomogeneously
broadened line is the envelope of homogeneously
broadened packets of excitons, each packet cor-
responding to a particular local value of the layer
width L,. When the laser is in resonance with
one particular packet, it is off resonance else-
where. Because of the strong resonant disper-
sion this produces corresponding spatial fluctua-
tions in the dielectric response at the laser fre-
quency. Their strength increases inversely as
the homogeneous linewidth I'; .

We assume the local resonant frequency Q(;) to
be a random variable with distribution g(82),
whose width is y. The results are insensitive to
the form of g(2) so long as y > T, , but for defi-
niteness we take g(Q2) to be Lorentzian, so that
y=T, ~T,, where I', is the observed exciton
linewidth. The dielectric response function at
any point is given by*

e(w,r)=€[1+A2/(Q2 - w?—iwl,)], (1a)

where €, and A2 are constants defined by Loudon.*
When | - w| <& this simplifies to

€(w,r)=€.+€.w 1 AlQF) - w]+3iT, Q). (1b)

Here w;r=A2%2/29 is the longitudinal-transverse
splitting of the exciton, and I', is assumed to be

a function only of ©. If the correlation length &

is much less than the wavelength A, the scattered
intensity due to spatial fluctuations in € is isotrop-
ic, as observed. It is proportional to S(w)

where!'®
S(w)={l€(w) = (e (w|? = e (@) - [(e (@] ?, (2)

where {f (w))= fg(SZ)f(&‘z - w)dQ for any f. Substi-
tuting from Eq. (1b), and using a(w)=2m1"1e L2
x(Im(¢)) for the absorption coefficient, we find,
after some algebra,

S(w)=7""r€e 22w ra(@)[T, (W) =T, ", (3)

where we have assumed that dT', /dw < 1. Integrat-
ing over the total GaAs thickness d, with allow-
ance for reabsorption, we obtain for the back-
scattered intensity

I, (@)=K(l-e 2@4)[,(0)*=T,"1,  (4)

where K is an as yet undetermined constant.

The above analysis breaks down if I', <2wr,
since the response near resonance becomes metal-
lic [i.e., Re(€)<0]. The scattering then depends
on the shape of the scattering elements, and a full
analysis becomes extremely difficult. We can,
however, estimate the limiting scattering, as I,
-0, as follows. We treat the scattering elements
as perfectly conducting disks of radius £ and vol-
ume V=7£%L,, embedded in a dielectric with €
=€,. Their dipole moment per unit field is® P
=16¢€ .,£3/3. The absolute value of € — €, which
would produce the same dipole moment is |€
—€ol max=P/V=16€ £/31L,. Thus I (w) does not
diverge as I'; -~ 0, but reaches a maximum value
corresponding to an effective value of T', =T,
where

r0=2€wwLT/\€_€w\max~szLT/£- (5)

The corresponding relation for the three-dimen-
sional case is I'y~wt. The extra factor L, /¢
accounts for the enhanced resonant scattering of
these MQW structures, over, say, that of bulk
GaAs.

Figure 2(a) shows the frequency dependence at
5.6 K of the absorption coefficient,” the nonreso-
nant luminescence, and the scattered intensity,

for a sample with L, =51 A (nominal). Figure
2(b) shows the frequency dependence of T', (w) at
two temperatures, obtained by substituting the
measured a(w) and I ;(w) in Eq. (4). T, is taken
to be the limiting value of T, at low w and T'.

The absolute value of T', [or, equivalently, the
value of K in Eq. (4)] can be estimated from Eq.
(5). Loudon® gives wy = (\/2n% ml/z)fa(w)dw,
from which w;r=3X10" s™'; while Petroff et al.®
have observed steps in the GaAs/AlGaAs interface
whose spacing suggests that £ ~200 A. Hence,
from Eq. (5), T,~7%x10° s ' for L, =51 A. This
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FIG. 2. (a) Full line: absorption spectrum of the
sample shown in Fig. 1. The peak corresponds to the
1S “heavy exciton resonance, of width I',. Dashed
line: nonresonant fluorescence spectrum. Points: peak
scattered intensity at 5.7 K. (b) ' (w)/I'( deduced
from the data of (a) via Eq. (4). [j~T7X 10'% 57! is the
limiting value of I'; at low w, and T. Closed circles:
T =5.7 K; open circles: 7 =14 K,

is in reasonable agreement with the hole-burning
results®® on the same system.

If the laser intensity is increased, /; increases
proportionally until a power density of about 10 W
cm™? is reached, where I  levels off. This drop
in scattering efficiency implies an increase in
I, , presumably due to exciton-exciton interac-
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tion. The exciton density at 10 W ¢cm™2 is 10°
cm”? per layer. A similar increase in ', has
been seen in hole-burning experiments.?

While an accurate theoretical treatment of the
region where I', <w 1 would have to be much
more sophisticated, our crude analysis is suf-
ficient to show that in GaAs MQW structures I',
increases sharply with exciton energy and tem-
perature. A fuller account of the energy and
temperature dependences of I',, which show some
evidence for exciton localization, will be pub-
lished elsewhere.

We conclude that resonant Rayleigh scattering
can give useful information on the homogeneous
contribution to an inhomogeneous linewidth. The
method has the advantage over other techniques,
such as hole burning and photon echo, of being
usable at very low excitation intensity. On the
other hand, a large correlation length £ is neces-
sary to produce appreciable scattering, since in
Eq. (4) K« £, Thus, this method is unlikely to
be useful in impurity systems such as ruby. It
might, however, be applicable to singlet excitons
in molecular crystals.

We are grateful to E. O. Kane for pointing out
to us the relevance of inhomogeneous broadening
to the scattering problem, to S. Chu, R. C. Miller,
and D. W. Berreman for helpful discussions, and
to R. C. Dunne for technical assistance.
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